. Transgenic extracellular superoxide dismutase protects postnatal alveolar epithelial proliferation and development during hyperoxia. Am J Physiol Lung Cell Mol Physiol 290: L32-L40, 2006. First published August 12, 2005 doi:10.1152/ajplung.00133.2005 human (h) extracellular superoxide dismutase (EC-SOD) targeted to type II cells protects postnatal newborn mouse lung development against hyperoxia by unknown mechanisms. Because alveolar development depends on timely proliferation of type II epithelium and differentiation to type I epithelium, we measured proliferation in bronchiolar and alveolar (surfactant protein C-positive) epithelium in air and 95% O 2-exposed wild-type (WT) and TG hEC-SOD newborn mice at postnatal days 3, 5, and 7 (P3-P7), traversing the transition from saccular to alveolar stages. We found that TG hEC-SOD ameliorated the 95% O 2-impaired bromodeoxyuridine uptake in alveolar and bronchiolar epithelium at P3, but not at P5 and P7, when overall epithelial proliferation rates were lower in air-exposed WT mice. Mouse EC-, CuZn-, and Mn-SOD expression were unaffected by hyperoxia or genotype. TG mice had less DNA damage than 95% O 2 -exposed WT mice at P3, measured by TdT-mediated dUTP nick end labeling (P Ͻ 0.05). Hyperoxia induced cell-cycle inhibitory protein p21
type I cell; T1␣; deoxyribonucleic acid damage EXTRACELLULAR SUPEROXIDE DISMUTASE (EC-SOD) is predominantly found in extracellular matrix of adult animals (9) . In newborns, it is also expressed intracellularly in lung epithelium (13, 22) . It is the most abundant SOD isoform in the lung, and it may regulate signaling pathways mediated by reactive oxygen species in the developing lung (9) . For example, EC-SOD expression has been shown to govern the bioavailability of nitric oxide (27) , an important signaling pathway in early and late lung development (33, 36) .
We previously showed that transgenic (TG) overexpression of human (h) EC-SOD preserved lung development in newborn mice exposed to 21 days of hyperoxia (1) . The mechanisms of this protection are unknown but may include preservation of epithelial proliferation, particularly in type II pneumocytes, which are progenitor cells for type I epithelial cells that develop after the transition from saccular to alveolar stages of lung development (26) .
In rodents, extreme hyperoxia impairs overall pulmonary epithelial proliferation in the immediate postnatal period (4, 35) . Likewise, in the baboon model of clinical bronchopulmonary dysplasia (BPD), alveolar epithelial proliferation is initially impaired, followed by hyperplasia of type II alveolar epithelial cells, which do not form normal alveoli (19) . Because impaired type II cell proliferation and alveolar differentiation is a hallmark of BPD, we hypothesized that targeting EC-SOD to type II cells would protect the lung from oxidative damage and preserve orderly type II cell proliferation.
MATERIALS AND METHODS

Reagents
Secondary antibodies and detection reagents were from Vector (Burlingame, CA) except where otherwise noted. Other reagents were from Sigma (St. Louis, MO) except where noted.
Hyperoxia and Air Exposures
Animal experimental procedures were approved by the Duke University Institutional Animal Care and Use Committee. The surfactant protein C (SP-C) EC-SOD TG mouse (10) and the neonatal hyperoxia exposure regimen have been previously described in detail (1) . EC-SOD TG heterozygotes were bred with wild-type (WT) C57BL/6 mice (Ͼ20 generations; Jackson Laboratories, Bar Harbor, ME). Newborn mice delivered spontaneously to time-mated pregnant dams were exposed to air or 95% O 2, beginning on the day of birth for up to 7 days. Nursing dams were alternated daily between air and hyperoxia-exposed litters. Litter sizes were adjusted by culling pups to maintain balanced litter size among exposure groups. At postnatal days 3, 5, and 7 (P3-P7), air-and hyperoxia-exposed groups were injected 6 h before harvest with bromodeoxyuridine (BrdU, 10 mg/kg) subcutaneously according to the manufacturer's directions (Zymed, South San Francisco, CA). Pups were killed with 150 mg/kg pentobarbital sodium intraperitoneally, and lungs were inflation fixed with 10% phosphate-buffered formalin at 25 cmH 2O pressure for 30 min, immersed overnight in fixative at 4°C, and then paraffin embedded and sectioned at 4 -6 m. In littermates, lungs were removed and snap frozen in liquid nitrogen for protein and RNA analysis. Genotyping was performed by PCR analysis of tail snips as described previously (1) .
BrdU Uptake/Ki67 Labeling: P3-P7
BrdU histochemical staining and analysis were performed as previously described in detail (4) . Four nonoverlapping randomly chosen ϫ400 fields from two random sections were examined by an observer masked to treatment condition. Immunolabeled nuclei in epithelial cells lining air sacs and in bronchiolar epithelial cells were counted, along with unlabeled hematoxylin-counterstained nuclei.
To evaluate cell proliferation with a second method, similar sections were immunostained with anti-Ki67 (Novacastra, Norwell, MA). Ki67 is a nonhistone chromosomal protein that is expressed during active cell cycling, but not in response to DNA damage. After dewaxing and rehydrating, sections were treated with microwaving for 20 min in 0.01 M sodium citrate. Sections were then peroxidase quenched in 0.3% hydrogen peroxide (H 2C2) in methanol, blocked 1 h in 5% horse serum in PBS, pH 7.4, treated sequentially with avidin and biotin according to the manufacturer's directions (Vector), and then incubated overnight at 4°C with 1:50 anti-Ki67 in 0.1% PBSTween 20 and 2% horse serum. Antigen was detected with secondary horse anti-mouse:biotin followed by ABC Elite, diaminobenzidine (DAB), according to the manufacturer's directions, and counterstaining with hematoxylin. Labeling indexes were calculated in alveolar (cells lining the distal air sacs and alveoli) and bronchiolar epithelial cells for both BrdU and Ki67 in each treatment group (n ϭ 5-6/ group).
BrdU/SP-C Colocalization: P3
We examined the proliferation of alveolar type II epithelium, the progenitor cells of alveolar type I epithelium at P3, because this was the time at which hyperoxia had the greatest effect on alveolar epithelial proliferation (20) . Sections from P3 air-and hyperoxiaexposed BrdU-injected pups, WT and TG, were first immunostained with rabbit anti-mouse pro-SP-C (Santa Cruz Biotechnology) followed, in the same tissue sections, by staining with anti-BrdU. Briefly, dewaxed and rehydrated sections were boiled in antigen unmasking buffer (Vector) for 10 min and cooled. Tissue sections were then probed with a polyclonal goat anti-pro-SP-C 1:200, followed by biotinylated horse anti-goat detected with ABC Elite, as above, and visualized with DAB. These sections were then incubated at room temperature with 4 N HCl for 9 min, washed for 10 min three times with PBS 0.1% Tween (PBS-T), quenched in H 2O2 for peroxidases as above, rinsed in PBS-T, and then blocked in 5% BSA in PBS for 1 h. Sections were then blocked in avidin-biotin, as above, and incubated with ABC Elite. The BrdU signal was detected with the peroxidase substrate VIP (Vector), which yields a purple color to distinguish its signal from the SP-C DAB signal. Sections were examined under oil immersion. A minimum of 500 SP-C-positive cells per animal were counted using five animals per treatment group. BrdU labeling index ϭ number of BrdU/SP-C colocalizing cells Ϭ total number of SP-C-positive cells.
EC-SOD Western Blotting at P3
Maximal effects on proliferation were observed at P3; therefore, we measured native mouse and TG hEC-SOD expression at P3. Lungs from four WT and four EC-SOD TG mice in air and 95% O2 treatment groups at P3 were homogenized, and protein extracts, 20 g/lane, were analyzed on polyacrylamide gels (15% ReadyGel; Bio-Rad, Hercules, CA) with molecular size markers and electroblotted onto polyvinylidene fluoride membrane (ECL; Amersham, Piscataway, NJ). hEC-SOD was detected with rabbit anti-human EC-SOD 1:5,000 (1), followed by goat anti-rabbit peroxidase 1:10,000, and then detection by enhanced chemiluminescence (Amersham) and exposure to film (Hyperfilm, Amersham). Blots were stripped (Restore; Pierce, Rockford, IL) and reprobed with rabbit anti-mouse EC-SOD and detected as above and as previously described (1) . Relative abundance of each isoform was analyzed from scanned fluorograms using ImageQuant 5.0 (Molecular Dynamics, Piscataway, NJ). Total pixels above background within a rectangle placed around each band were quantified and compared.
Mn-SOD and CuZn-SOD Western Blotting at P3
To ensure that SOD effects were specific to the EC-SOD isoform, we measured Mn-SOD and CuZn-SOD on immunoblots prepared as above. Four or five animals per treatment group were analyzed. Blots were detected with mouse monoclonal anti-Mn-SOD (BD Biosciences) 1:10,000 or rabbit anti-rat (mouse reactive) CuZn-SOD (Research Diagnostics) 0.25 pg/ml, followed by goat anti-mouse: peroxidase conjugate 1:30,000 in PBS plus 0.1% Tween and 5% BSA and detected as above. Blots were stripped (Restore) and redetected with 30 ng/ml polyclonal rabbit anti-␤-actin (Abcam, Cambridge, MA) to control for loading and transfer.
EC-SOD Immunohistochemistry at P3
To determine the cellular localization of mouse and hEC-SOD expression in WT and TG newborn mice in this model system, we detected both human and mouse EC-SOD in paraffin sections from all treatment groups with species-specific antibodies previously described (1, 10) . Sections were incubated with anti-mouse EC-SOD or anti-human EC-SOD and detected with biotinylated secondary antibodies followed by ABC Elite and DAB chromagen, as described.
EC-SOD mRNA at P3
To measure the effects of air or 95% O2 exposure on native mouse EC-SOD mRNA transcription and SP-C promoter-driven TG hEC-SOD mRNA transcription, or on housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA transcription in newborn mouse lung at 3 days, total RNA was extracted from flash-frozen lungs of WT and TG mice in four animals per treatment group, air vs. hyperoxia, WT vs. TG according to the manufacturer's directions (TRIzol, Invitrogen). Quantitative real-time RT-PCR was performed on 0.5-g samples.
Mouse EC-SOD primers: forward-TTCTTGTTCTACGGCTTGC-TAC, reverse-CTCCATCCAGATCTCCAGCACT. Human EC-SOD primers: forward-AGACACCTTCCACTCTGAGG, reverse-GTTTC-GGTACAAATGGAGGC. Mouse GAPDH primers: forward-TTCT-TACTCCTTGGAGGCCATG, reverse-CATCTTGGGCTACACTG-AGGAC.
RNA was reverse transcribed in capillary tubes according to the manufacturer's directions (LightCycler RNA Amplification, SYBR Green I; Roche, Indianapolis, IN) using primer concentrations of 0.5 M in the reaction at 55°C for 10 min (20°C/s slope), followed by a denaturing step of 95°C for 30 s. PCR was carried out in the LightCycler (Roche) for 50 cycles of denaturing: 95°C, no hold time (20°C/s), annealing: 57°for 10 s (20°C/s), and extension: 72°C for 13 s (2°C/s).
The amplicon signals for mouse EC-SOD and hEC-SOD at the crossing points indicating linear amplification of PCR products were compared after normalizing to GAPDH crossing point signal as we have previously described (28) .
TdT-Mediated dUTP Nick End Labeling: P3
Sections from all treatment groups at P3 were dewaxed, rehydrated, and incubated in 10 g/ml proteinase K at 37°C for 15 min, rinsed in PBS, then incubated in terminal transferase labeling mixture containing fluorescein-conjugated dUTP for 30 min at 37°C, according to the manufacturer's directions (In Situ Death Detection, Roche). Maximum signal (positive control) was achieved by pretreating sections with DNase I before TdT-mediated dUTP nick end labeling (TUNEL). Negative controls were sections incubated without terminal transferase. Sections were counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI) as described previously (5) . TUNEL and DAPI images (2 pair/section) were captured from two random sections from four animals per treatment group at ϫ200 as noted above, using appropriate filters and identical exposure conditions. Paired images were quantified using Metamorph software. TUNEL signal in each captured field (pixels above background) was normalized to total nuclear number in each field, represented by the DAPI signal, as we described previously (5) .
p21 cip/waf , p53 RNase Protection Assay: P3
Total lung RNA from eight WT and TG pups per treatment condition at P3 was hybridized according to our previously described methods to [ 32 P]UTP-labeled cRNA probes for p21 cip/waf and p53, inhibitors of cell-cycle progression both induced by hyperoxic-DNA damage (23) . cRNA probes for GAPDH were included for normalization, and each protected p53 and p21
cip/waf mRNA signal obtained from exposure of gels to a phosphor storage screen was analyzed using ImageQuant as above. Each signal was normalized to the corresponding GAPDH signal in the same lane. Results were compared with the mean normalized signal for air-exposed WT controls at 3 days.
Type I Cell ␣ Protein Western Blotting: P3, P7
Total lung protein (20 g/lane) from four animals per genotype per treatment group were analyzed by Western blot as noted previously. Blots were detected with anti-type I cell ␣ protein (T1␣) 1:20,000 and goat anti-hamster peroxidase 1:20,000 using ECL and film (CLXposure, Pierce). Blots were stripped (Restore) and redetected with polyclonal anti-␤-actin (Abcam) at 1:20,000 to verify equal loading and transfer. Film images were quantified using ImageQuant as noted above to compare T1␣ abundance in whole lung.
T1␣ Immunohistochemistry: P3, P7
Random sections were chosen from four animals in each treatment group as above. Sections were incubated without antigen retrieval with hamster anti-mouse monoclonal anti-T1␣ (8) (clone 8.1.1, Univ. of Iowa Hybridoma Bank) at 1:1,000, followed by anti-hamster peroxidase and tyramide signal amplification using tyramide-biotin (Molecular Probes) followed by avidin-peroxidase 1:1,000 (Vector) and DAB, counterstaining with hematoxylin.
Statistical Analysis
Between-group differences were analyzed by ANOVA and post hoc comparisons used Tukey-Kramer. Data were analyzed using statistical analysis software (JMP; SAS, Cary, NC). Significant differences were accepted at P Ͻ 0.05, assuming the use of an ␣ error ϭ 0.05 and a ␤ error ϭ 0.10.
RESULTS
Alveolar and Bronchiolar Epithelial Proliferation: P3-P7
Hyperoxia markedly impaired both bronchiolar and alveolar epithelial proliferation at P3 and P5, as measured by BrdU uptake or Ki67 labeling (Fig. 1 ). Alveolar and bronchiolar epithelial proliferation was significantly preserved in P3 mice overexpressing hEC-SOD during 95% O 2 exposure. Alveolar epithelial proliferation was also slightly higher in air-exposed TG mice. By P5 and P7, the hyperoxia-induced decrement in alveolar and bronchiolar epithelial proliferation labeling indexes had narrowed. BrdU uptake at P7 was statistically lower in alveolar epithelium in 95% O 2 -exposed TG mice, but the magnitude of difference was small compared with differences at P3 (Fig. 1) . 
Type II Alveolar Proliferation at P3
Hyperoxia-induced disruption of proliferation, detected by BrdU uptake and Ki67 labeling, and its prevention by EC-SOD overexpression were maximal at P3; therefore, the remaining studies were predominantly focused on effects at P3. We studied effects of hyperoxia and EC-SOD overexpression on type II cells since they are susceptible to hyperoxia and are the progenitor cells for type I alveolar epithelium (26) . As shown in Fig. 1, 95% O 2 significantly impaired type II (pro-SP-Cpositive) proliferation at P3, but TG EC-SOD overexpression significantly protected type II cells from this effect.
Effects of Hyperoxia at P3 on Postnatal EC-SOD Expression
Western blotting. To determine whether alterations in EC-SOD protein expression contributed to the protective effects in TG mice exposed to hyperoxia, we examined both mouse and hEC-SOD expression at P3 in air-and 95% O 2 -exposed mice. On immunoblots, we found that 95% O 2 had no significant effects on either mouse or hEC-SOD expression at P3 (Fig. 2 ). There were no apparent effects on EC-SOD processing or proteolytic cleavage, since the relative abundance of each EC-SOD isoform at ϳ34 kDa remained similar in air and 95% O 2 .
Effects of Hyperoxia at P3 on Mn-and CuZn-SOD Expression
Western blotting. To determine whether hyperoxia exposure or genotype had affected Mn-or CuZn-SOD protein expression, immunoblots from air-and 95% O 2 -exposed WT and TG groups were probed for both Mn-and CuZn-SOD (Fig. 2) . We saw no effect of hyperoxia or genotype on Mn-or CuZn-SOD accumulation in whole lung homogenates at P3.
Real-Time PCR
Because hyperoxia can induce SP-C transcription (2) and the SP-C promoter drives the hEC-SOD expression (10), we measured the effect of hyperoxia on mouse and hEC-SOD mRNA by quantitative real-time RT-PCR and found that mouse EC-SOD mRNA normalized to GAPDH mRNA was unaffected by genotype or 95% O 2 exposure at P3. hEC-SOD mRNA was detected only in the TG mice and was not increased by 95% O 2 at P3 (Fig. 2) .
Immunohistochemistry
Mouse EC-SOD was observed predominantly in bronchiolar epithelium (Fig. 2) , and weak staining was evident in vascular smooth muscle (not shown). We did not detect EC-SOD in pulmonary endothelial cells. hEC-SOD expression was confined to bronchiolar and alveolar epithelium in TG mice, as we have previously noted, but was exclusively cytoplasmic at the time points examined (Fig. 2) (1). Hyperoxia had no apparent effect on the cellular distribution of either mouse EC-SOD or hEC-SOD expression.
p21 cip/waf and p53 Expression
RNase protection. We found that 95% O 2 induced p21 cip/waf mRNA accumulation (normalized to GAPDH mRNA) in whole lung from both WT and TG mice, with a trend toward reduced p21 induction in TG mice (P Ͻ 0.06 vs. WT; Fig. 3 ).
We did not observe any increase in p53 mRNA or any effect on L32 cyclin, another "housekeeping" mRNA (data not shown).
DNA Nicking (TUNEL) at P3
DNA damage induced by hyperoxia may contribute to impaired proliferation by halting cell cycling to allow repair (23). To screen for DNA damage, we performed TUNEL in situ. Terminal transferase labeling identifies nicked DNA, due to necrosis, apoptosis, and mitosis, so not all TUNEL staining indicates DNA damage. We found that 95% O 2 exposure induced TUNEL in bronchiolar and alveolar epithelium as previously described (5, 21) (Fig. 4) . TUNEL was decreased in hyperoxia-exposed TG mice.
T1␣ Western Blotting
Hyperoxia had no consistent effect on whole lung T1␣ expression at P3, regardless of genotype. As shown in Fig. 5 , expression was variable in both WT and TG mice regardless of exposure at P3. In contrast, hyperoxia induced whole lung T1␣ expression at P7 in both WT and TG animals. ␤-Actin expression was similar among all treatment groups.
T1␣ Immunohistochemistry
In contrast to the inconsistent effect of hyperoxia on whole lung T1␣ at P3, hyperoxia uniformly impaired apical but not interstitial expression of T1␣ in WT but not TG mice at P3 (Fig. 6 ). At P7, T1␣ was consistently expressed on the apical surfaces of alveolar epithelium, in both WT and TG mice, and there was no obvious effect of hyperoxia on subcellular expression.
DISCUSSION
Hyperoxia exposure in newborn mice, 95% O 2 ϫ 7 days beginning at birth, then 60% O 2 ϫ 14 days, impairs alveolar formation, measured as depressed alveolar surface density and volume density at P21. This was prevented in hEC-SOD TG mice (1) . The present studies were undertaken to elucidate the mechanisms by which hEC-SOD overexpression preserves lung development. We found that 95% O 2 exposure profoundly impairs alveolar and bronchiolar epithelial proliferation at P3, measured by either BrdU uptake or Ki67 expression, when lung development begins the transition between saccular and alveolar phases in the mouse. Hyperoxia-impaired epithelial proliferation persisted at P5 and P7, although the magnitude of impairment was diminished. TG hEC-SOD overexpression in alveolar and, to a lesser extent, bronchiolar epithelium significantly preserved alveolar and bronchiolar epithelial proliferation at P3 in pups exposed to hyperoxia.
We found that the labeling indexes for BrdU uptake and Ki67 showed parallel trends, although the absolute values were not identical. At P7, for example, BrdU uptake in alveolar epithelium was actually lower in 95% O 2 -exposed TG mice than in WT littermates, but there were no such differences in Ki67 labeling. In contrast, we found that air-exposed TG mice demonstrated more BrdU uptake in alveolar epithelial cells than air-exposed WT mice, but no differences in Ki67 were observed. We do not know whether this difference in proliferation is maladaptive, and no overt differences in lung morphology have been reported in EC-SOD TG adult mice (10) , although this has not been studied in detail.
Ki67 is expressed in cycling cells, maximally expressed during M-phase, whereas BrdU uptake may occur during DNA repair in DNA-damaged, non-cycling cells (6, 16) , which would be expected during hyperoxia (23) . Ki67 and BrdU may therefore not identify identical cell populations, with Ki67 being the more specific marker of proliferation.
We attribute these observed effects to TG hEC-SOD (15). Native mouse EC-SOD expression in newborns, in whole lung or by immunohistochemistry, was unaffected by 95% O 2 exposure or by genotype at P3. Mouse EC-SOD expression was restricted to alveolar and bronchiolar epithelium and vascular smooth muscle. Extracellular expression was less widespread than intracellular expression in the newborn mouse, as previously described in newborn rabbits and rats (13, 17, 22) . TG hEC-SOD expression was overwhelmingly intracellular, and this was unaffected by hyperoxia. We did not measure activity levels of antioxidant enzymes in lungs of neonatal mice at P3, but we previously reported that EC-SOD activity in TG neonatal mice at P7 was ϳ2.5-fold the activity observed in WT mice (1) . TG hEC-SOD did not affect native antioxidant enzyme expression or activity in adult hyperoxiaexposed mice (10) .
There were no effects of hyperoxia or genotype on the other SOD isoforms, CuZn-SOD or Mn-SOD, determined by Western blotting. Hyperoxia has previously been reported to induce some antioxidant systems in newborns, both premature and term newborns (12) , but this is species specific with relatively modest increases in total SOD activity (Ͻ20%) observed in 2-day-old mice exposed to 95% O 2 (11) .
The differences in the protective effects of hEC-SOD overexpression on proliferation (alveolar Ͼ bronchiolar) may be due to the relatively greater expression of hSP-C promoterdriven hEC-SOD expression in type II cells. Because we found mouse EC-SOD expressed at relatively high levels in bronchiolar epithelium at P3, there may be less additional EC-SOD activity conferred by TG hEC-SOD, although this was not directly tested.
The relationship of oxidative stress to cellular proliferation during lung development is complex. Survival after hyperoxia in in vitro and in vivo models requires the arrest of cell cycling to permit repair of hyperoxia-induced DNA damage, which is associated with induction of the cyclin-dependent kinase inhibitor p21
cip/waf (23) . DNA nicking (TUNEL) was induced in hyperoxia-exposed WT animals, but not in EC-SOD TG animals at P3. Although TUNEL may also identify dividing and apoptotic cells, we previously found that hyperoxia-induced TUNEL in newborn lung seldom identified apoptotic cells (5) . We found that hyperoxia increased p21 cip/waf mRNA in whole lung from WT animals at P3, which displayed the most significant proliferation arrest. This increase was partly prevented in EC-SOD TG animals at P3. Hyperoxia did not induce p53 mRNA, as was expected, since its effects on p53 are mediated predominantly through protein stability rather than transcription (14, 24) . Effects on p21 cip/waf and p53 mRNA at the whole lung level are limited by the choice(s) of reference mRNAs that might themselves be affected. In our studies, there was little variation in GAPDH (or L32 cyclin, data not shown) mRNA signal. Because we studied mRNA in whole lung, we were unable to determine cell specificity of effects on p21 cip/waf expression. Proliferation arrest at a critical period of lung development may impair the appropriate patterning of type II differentiation and type I cell formation during postnatal lung development.
We have previously shown that this model of hyperoxiaimpaired neonatal lung development, continued to P21, ultimately leads to impaired alveolization and that this is significantly prevented in TG hEC-SOD mice (1). This led us to Bottom: mean TUNEL intensity in pixels normalized to nuclear area (4Ј,6-diamidino-2-phenylindole perimeter), 5 pups/group ϩ SE. *P Ͻ 0.05 vs. air WT, **P Ͻ 0.05 vs. O2 WT. conclude that preservation of alveolar and bronchiolar epithelial proliferation in TG hEC-SOD mice is likely adaptive, accompanied by safe repair of hyperoxia-induced DNA damage, although we did not evaluate this directly.
Alveolar formation depends on orderly differentiation of type II 3 type I cells. We found that hyperoxia consistently impaired apical expression of T1␣ in WT mice at P3, but not TG mice (Fig. 6) . T1␣ is normally expressed on apical surfaces of type I cells, but hyperoxia-exposed WT mice demonstrated qualitatively less apical labeling than TG mice at P3. By day 7, there were no apparent differences in localization. We did not observe consistent effects of hyperoxia on T1␣ in whole lung homogenates, in either WT or TG mice, at P3. Hyperoxia induced T1␣ expression in whole lung from both WT and TG Fig. 6 . Effect of hyperoxia and TG EC-SOD on T1␣ shown by immunohistochemistry. T1␣ expression at P3 (A-D) in air (A, WT; B, TG) and 95% O2-exposed mice (C, WT; D, TG) and P7 (E-H) in air (E, WT; F, TG) and 95% O2-exposed mice (G, WT; H, TG); final magnification, ϫ200. C, inset: magnification at ϫ400 shows lack of apical T1␣ staining in 95% O2-exposed WT mice at P3. mice at P7, consistent with earlier observations of T1␣ expression in adult mice (7) .
The precise function of T1␣ in type I homeostasis is not known, but gene deletion leads to failure of normal alveolar formation and death from respiratory failure at birth (29) . In vitro studies suggest that T1␣ may be necessary to maintenance of the flattened attenuated shape of the type I cell (31, 32) . In vitro studies show that injury to type II cells may lead to differentiation or transdifferentiation to intermediate cell types before type I cells are formed (20) . Lack of apical labeling in the hyperoxia-exposed WT animals at P3 may represent this phenomenon.
EC-SOD overexpression in type II cells may also affect direct and indirect regulation of T1␣ expression by oxygen or reactive oxygen species. Cao and colleagues (7) have shown that hyperoxia induces increased T1␣ expression in adult mice through effects on nuclear transcription factors Sp1 and Sp3 binding to DNA, but the identity of the molecular interaction between oxygen, reactive oxygen species, or intermediates, and Sp1/Sp3 binding and downstream effects on the T1␣ promoter is unknown. Hyperoxia effects may be indirectly mediated through thyroid transcription factor-1 (34), which acts on the T1␣ promoter (30) . The relative abundance of oxygen-containing moieties will necessarily differ in the EC-SOD TG newborn mice and will likely differ in their WT littermates since newborns of many species are better able to induce enzymatic antioxidant expression during hyperoxia than adults (3). These differences may explain the delay in the hyperoxia-induced increase of T1␣ in newborn WT mice. Alternatively, impaired, ectopic T1␣ expression during hyperoxia may be due to altered protein trafficking, which we have not directly tested.
Preservation of proliferation in alveolar epithelium from 95% O 2 impairment at P3 by type II cell-targeted hEC-SOD overexpression may partly explain the protection of alveolar development against hyperoxia that we previously reported (1) . Formation of alveoli depends in part on differentiation of type II cells to type I cells as the lung enters the alveolar phase of development (20) as well as type II cell-produced paracrine and autocrine factors, such as vascular endothelial growth factor, necessary for pulmonary capillary endothelial integrity (18) . The initial hyperoxia-induced arrest of type II cell proliferation, followed by a maladaptive type II cell hyperplasia that fails to yield normal alveolization, is also observed in the baboon model of BPD (25) . Failure to form normal alveoli may result in part from inadequate type I cell differentiation, which, in turn, could result from redox-sensitive changes to transcription factors that control expression of type I cell-specific antigen, necessary for type I cell differentiation (34) .
In summary, hEC-SOD overexpression driven by the human SP-C promoter partly preserves type II alveolar epithelial and bronchiolar epithelial proliferation during severe hyperoxic stress at P3, during the transition from the saccular to alveolar phases of normal murine lung development. This effect was accompanied by protection against DNA damage, a known target of oxidative stress, partly blocking induction of p21 cip/waf mRNA expression. Apical T1␣ expression, thought to be necessary to alveolar formation, was preserved in hyperoxiaexposed EC-SOD TG mice at P3 but was impaired in WT littermates. We speculate that protection of alveolar type II cells from superoxide accumulation avoids biomolecular damage and maladaptive arrest of proliferation, protecting differentiation to type I epithelium.
